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The Forkhead/Winged Helix Gene Mf1
Is Disrupted in the Pleiotropic Mouse Mutation
congenital hydrocephalus
ch was first described in 1943 by Gruneberg. He re-
ported that homozygotes die at birth, with massively
enlarged and hemorrhagic cerebral hemispheres and
open eyes (Gruneberg, 1943). Detailed analysis of the
skeleton (Gruneberg, 1953) revealed the absence of the
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cranial vault and reduction in other skull bones as wellVanderbilt University Medical Center
as multiple abnormalities in the axial and appendicularNashville, Tennessee 37232±2175
skeleton. Gruneberg initially attributed the ch phenotype³Department of Opthalmology and Medical Genetics
to a primary defect in the differentiation of prechondro-University of Alberta
genic mesenchyme, affecting some regions more thanEdmonton, T6G 2S2
others. However, Green subsequently found defects inCanada
other mesodermal tissues, including the kidneys and
ureters, in homozygous and some heterozygous mu-
tants (Green, 1970). Green also argued that the hydro-Summary
cephalus was caused by the delayed differentiation of
the meninges, impeding the flow of CSF into the arach-Mf1 encodes a forkhead/winged helix transcription
noid layer. This explanation was conceded by Grune-factor expressed in many embryonic tissues, including
berg, who noted additional defects in the ectodermallyprechondrogenic mesenchyme, periocular mesen-
derived parotid and nasal glands (Gruneberg and Wick-chyme, meninges, endothelial cells, and kidney. Ho-
ramaratne, 1974). Since these initial studies, thech locusmozygous null Mf1lacZ mice die atbirth with hydroceph-
has been mapped to mouse chromosome 13 in a regionalus, eye defects, and multiple skeletal abnormalities
of conserved synteny with human chromosome 6p25identical to those of the classical mutant, congenital
(Mouse Genome Database; Hong and Chakravarti, 1995).hydrocephalus. We show that congenital hydrocepha-
Winged helix (WH) proteins belong to a large familylus involves a point mutation in Mf1, generating a trun-
of evolutionarily conserved DNA-binding proteins (Clarkcated protein lacking the DNA-binding domain. Mes-
et al., 1993; Kaufmann and Knochel, 1996). Family mem-enchyme cells from Mf1lacZ embryos differentiate poorly
bers have been identified as components of transcrip-into cartilage in micromass culture and do not respond
tional complexes regulating tissue-specific gene ex-to added BMP2 and TGFb1. The differentiation of
pression (Qian and Costa, 1995; Cirillo et al., 1998), andarachnoid cells in the mutant meninges is also abnor-
the Xenopus WHprotein Fast-1has recently been shownmal. The human Mf1 homolog FREAC3 is a candidate
to interact with Smad2 proteins to mediate gene activa-gene for ocular dysgenesis and glaucoma mapping to
tion in response to Activin (Chen et al., 1997). Geneticchromosome 6p25-pter, and deletions of this region
analysis has revealed a requirement for WH genes in aare associated with multiple developmental disorders,
variety of developmental processes. In Drosophila, forincluding hydrocephaly and eye defects.
example, mutations in the prototypic forkhead gene re-
sult in foregut tissues developing into head structuresIntroduction
(Weigel et al., 1989), while C. elegans Daf-16 may inte-
grate responses of cells to convergent inputs from both
Hydrocephalus, a severe and often lethal birth defect in
insulin-related and TGFb-related signaling pathways
humans, results from the excess accumulation of cere-
(Ogg et al., 1997). In themouse, spontaneous or targeted
brospinal fluid (CSF) in the developing brain. CSF nor- mutations in WH genes are associated with defects in
mally circulates within the ventricles, drains through
the proliferation and/or differentiation of specific embry-
holes in the roof of the hindbrain, and then flows through
onic cell populations (Ang and Rossant, 1994; Nehls et
the arachnoid layer of the meninges into the blood sys-
al., 1994; Xuan et al., 1995; Hatini et al., 1996; Dou et
tem or lymphatics. In humans, perinatal hydrocephalus al., 1997; Kaestner et al., 1997; Labosky et al., 1997;
can have a variety of causes (Tolmie, 1997). Among Winnier et al., 1997).
these are occulsion of the channels between the brain Previous studies in our laboratory identified four WH
ventricles and obstruction of CSF outflow from the brain genes first expressed in the paraxial mesoderm of the
due to a primary defect in the placement of the cerebel- early mouse embryo (Sasaki and Hogan, 1993). These
lum (Chiari and Dandy-Walker malformations). However, are Mf1 (mesoderm/mesenchyme forkhead 1), Mf2, Mf3
some cases of familial hydrocephalus are associated (also known as fkh5, hfh-e5.1, and twh), and Mfh1 (Ang
with abnormalities in multiple organ systems, including et al., 1993; Kaestner et al., 1996; Dou et al., 1997; Iida
the skeleton, heart, and kidney (for example, Online et al., 1997; Labosky et al., 1997; Winnier et al., 1997;
Mendelian Inheritance in Man, OMIM 273730, 276950, Wu et al., 1998). Of these, Mfh1 and Mf1 encode proteins
and 314390). An important model system for studying with virtually identical DNA-binding domains and have
the origin of such multiple defects in humans is the distinct but overlapping expression patterns in the em-
spontaneous mouse mutation congenital hydrocepha- bryo. Mfh1 null embryos die pre- or perinatally with skel-
lus (ch). etal and cardiovascular defects (Winnier et al., 1997; Iida
et al., 1997). Bycontrast, we showhere that homozygous
Mf1lacZ null mutants have a different phenotype, one that§To whom correspondence should be addressed.
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Figure 1. Mouse Mf1 Protein and Gene Targeting
(A) Predicted amino acid sequence of Mf1. The WH domain is boxed, and regions rich in alanine, proline, serine, and glycine are underlined.
(B) Comparison of the WH domains of mouse Mf1 and its most closely related family members (for references see Kaufmann and Knochel,
1996).
(C) The Mf1 gene (top) contains a single protein-coding exon (black box) flanked by 59 and 39 untranslated regions (open boxes). The targeting
vector (middle) is described in Experimental Procedures. Bottom, the targeted Mf1lacZ locus. Arrowheads represent the primers for PCR
screening. The 59 and 39 probes are indicated by bars. B, BamHI; H, HindIII; N, NotI; Nc, NcoI; X, XbaI; Xh, XhoI. Parentheses indicate loss
of restriction enzyme site.
(D) Southern blot analysis of targeted ES cell clones. Using the 39 probe and XhoI digestion, the wild-type (wt) and targeted (m) loci generate
5.3 kb and 8.8 kb hybridizing bands, respectively. TL1 indicates DNA from untargeted ES cells.
(E) Southern blot analysis of a representative intercross between F1 mice. Genotyping was performed as in (B). 1/1, wild type; 1/2,
heterozygote; 2/2, homozygote.
is identical in all respects to that reported for ch mutants. the differentiation of arachnoid cells in the meninges. It
had previously been proposed that the human homologWe identify a point mutation in the Mf1 gene of ch mu-
tants, which is predicted to generate a truncated protein of Mf1, FREAC3, or FKHL7 (Pierrou et al., 1994), is a
candidate gene for developmental defects of the ante-lacking the DNA-binding domain. We also provide evi-
dence that Mf1 is required for the differentiation of pre- rior segment of the eye and glaucoma associated with
chromosome 6p25 (Mears et al., 1996; Jordan et al.,chondrogenic mesenchyme cells into cartilage and for
Mf1 and Congenital Hydrocephalus
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1997), and we show here that Mf1 mutants have eye the ectodermally derived parotid and other glands of
the head (data not shown).defects. Finally, cytogenetic deletions of 6p25 including
FREAC3 are associated with multiple congenital abnor-
malities, including hydrocephalus. Mf1lacZ Homozygotes Die Perinatally with
Hemorrhagic Hydrocephalus
Intercrosses of Mf1lacZ heterozygotes generated homo-Results
zygous null mutants at the expected Mendelian fre-
quency (23% of a total of 331 embryos from 9.5 to 18.5Predicted Mf1 Protein Structure
dpc). Homozygotes die perinatally with greatly enlargedThe predicted Mf1 protein has a WH domain flanked by
and hemorrhagic cerebral hemispheres (hydrocephalus)sequences rich in proline, alanine, serine, and glycine
and open eyelids (Figure 3A). Before 10.5 dpc, Mf1 ho-(Figure 1A). The WH domains of mouse Mf1 and human
mozygotes cannot be distinguished from wild-type andFREAC3 are identical, and the proteins in their entirety
heterozygous littermates. However, one day later thereare approximately 91% identical (Figure 1B; unpub-
is a clear difference in brain size, which becomes partic-lished data), suggesting that the two proteins are homol-
ularly evident by 14.5 dpc (Figure 3C). Sectioning ofogous. The murine Mfh1 and Mf1genes have very similar
fixed embryos shows no obstruction of the aqueductsembryonic expression patterns (Winnier et al., 1997; this
between the brain ventricles. However, beginning at 14.5paper) and encode proteins with essentially identical
dpc, the integrity of some blood vessels in the brain isWH domains (Figure 1B). However, the N- and C-termi-
disrupted and the surrounding area is acellular (data notnal flanking protein sequences are different (60% and
shown).21% identical, respectively), suggesting that if the pro-
teins do bind to the same target genes, they neverthe-
less differ in some functions. Several other forkhead Skeletal Defects in Mf1lacZ Homozygotes
Newborn mutants have extensive abnormalities in theproteins also have similar WH domains to Mf1 (Figure
1B), but their flanking sequences and in vivo functions skull, vertebrae, thorax, hyoid, larynx, and appendicular
skeleton (Figures 3D±3H; data not shown). For example,are unknown.
the calvarial bones are completely missing and the ba-
sisphenoid bone is reduced and malformed. Interest-Targeted Disruption and Embryonic
ingly, mutants have a very enlarged zygomatic processExpression of Mf1
of the maxilla, which is fused to the mandible. The dorsal
A null allele of Mf1 was generated by homologous re-
neural arches of the vertebrae, including the atlas andcombination in ES cells, replacing sequences encoding
axis, fail to fuse along the whole vertebral column, andamino acids 90±553 and most of the 39 untranslated
the lateral arches and vertebral bodies are also reduced.region with a lacZ/PGKneor cassette in frame with the
In the thorax, the ribs are somewhat thinner than normalfirst ATG (Figures 1C±1E). This results in the almost
and, strikingly, all of the ossification centers of the ster-complete deletion of the WH domain and also allows
num except the manubrium are absent and the xiphoid
convenient localization of Mf1 expression.
process is misshapen. Finally, in the appendicular skele-
Previous studies had first detected Mf1 transcripts in
ton, the digits are thinner than normal with smaller ossifi-
paraxial mesoderm at the early gastrulation stage and at
cation centers, and structures such as the deltoid pro-
8.5 days post coitum (dpc) in the presomitic mesoderm,
cess of the humerus are misshapen.
somites, cephalic mesoderm, and first branchial arch
(Sasaki and Hogan, 1993). Using the Mf1lacZ allele, we
Mf1lacZ Homozygotes Have Eye Defectsshow here that expression in the paraxial mesoderm is
Mf1lacZ is expressed in the developing eye, and homozy-dynamic; at 9.5 dpc, highest levels are present in cells
gous mutants are born with open eyelids. We thereforethroughout somitomere 2, but as the somites differenti-
analyzed the morphology of mutant eyes and noted sev-ate, expression decreases and becomes restricted to
eral obvious abnormalities (Figures 4B±4E). At 16.5 dpcthe sclerotome (Figures 2A, 2B, and 2I). Strong lacZ
these include unfused eyelids, disorganized arrange-expression is seen in the condensing prechondrogenic
ment of cells in the cornea, and iris hypoplasia, includingmesenchyme of the future axial and appendicular skele-
a reduced number of mesenchymal cells in the futureton, including the vertebrae, limbs, ribs, and sternum
stromal region (Figure 4E).(Figures 2C±2E, 2J, and 2K). Significantly, as the carti-
lage rudiments differentiate, the expression of Mf1lacZ is
down-regulated in the differentiated chondrocytes but ch Is a Mutant Allele of Mf1
The phenotype of Mf1lacZ homozygotes is identical to thatis maintained in the perichondrium (Figure 2K).
In the head, Mf1 expression is not confined to paraxial of ch/ch homozygotes in every organ system described
except the eye, which was not examined by Grunebergmesoderm but is also seen in neural crest derived cells,
for example, in the branchial arches and around the eye, or Green. Since we had previously mapped Mf1 on
mouse chromosome 13, z2 cM distal to ch (Labosky etwhere LacZ staining is particularly strong (Figures 2C
and 2D). In the 12.5 dpc eye, Mf1lacZ expression is evident al., 1996), it seemed likely that Mf1 and ch were in fact
allelic. This was confirmed by a complementation testin the periocular mesenchyme and cornea (Figure 4A).
In addition, LacZ staining is detected in the ectoderm in which male ch/1 mice were mated to female Mf1lacZ/1
heterozygotes. Out of the 20 offspring obtained, 4 showedof the future inner eyelids and in the hyoid blood vessels.
Other Mf1-expressing tissues include the mesoneph- the hydrocephalic phenotype (Figure 5) and had the ch/
Mf1lacZ genotype, whereas all normal pups were 1/1,ric tubules and surrounding mesenchyme, the endothe-
lium of the heart and blood vessels (Figures 2F±2H), and ch/1, or Mf1lacZ/1 (data not shown).
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Figure 2. Mf1 Expression in Mf1lacZ/1 Embryos as Revealed by LacZ Staining
(A) Lateral view of 9.5 dpc embryo with Mf1 expression in the presomitic mesoderm, somites, head mesoderm, and first and second branchial
arches (arrow).
(B) Posterior of 9.5 dpc embryo. Strongest expression is in the presomitic mesoderm, especially in somitomere 2 (arrow).
(C) Lateral view of 10.5 dpc embryo with expression in the head mesenchyme, including around the nasal epithelium and eye, branchial arches
(arrow), heart, and condensing mesenchyme of the vertebrae and forelimbs.
(D) At 12.5 dpc, expression is detected in the condensing mesenchyme of the vertebral column, fore- and hindlimbs, and ribs.
(E) Parasagittal section of an 11.5 dpc embryo viewed by dark-field illumination; the X-Gal reaction product appears pink.
(F±I) Higher magnification of the regions indicated in (E). (F) Localization in the head mesenchyme, including the developing meninges and
blood vessels, and blood vessels in the neuroepithelium (arrowheads). (G) In the heart, expression is localized to the endocardium. (H) Strong
expression in the epithelium of the mesonephric tubules (arrowheads) and surrounding mesenchyme. (I) Expression is initially present throughout
the presomitic mesoderm and early epithelial somites (arrow) and becomes restricted to the sclerotome. Anterior is to the top.
(J) The hindlimb shows intense lacZ staining in the condensing mesenchyme.
(K) Cross section at the level of the rib cage. Note that Mf1lacZ is expressed in the condensing mesenchyme of the sternum primordium and
in the perichondrium of the ribs, but it is down-regulated in the undifferentiated chondrocytes.
Scale bars: (E), 180 mm; (F), 70 mm ; (G), 70 mm; (H), 70 mm; (I), 130 mm; (J) 110, mm; (K), 130 mm. Abbreviations: es, epithelial somite; fl,
forelimb; h, heart; hl, hindlimb; p, presomitic mesoderm; r, rib; s, sclerotome; st, sternal primordium.
Wild-type Mf1 and ch/ch protein coding regions were of mesenchymal cells to chondrogenic signals. Among
the factors known to promote cartilage differentiationthen PCR amplified and sequenced, revealing a non-
sense mutation (C to T transition) at nucleotide 366 of in vitro (Miyake and Hall, 1995) and in vivo (Kingsley et
al., 1992; Storm et al., 1994; Storm and Kingsley, 1996)the coding region. This results in a stop codon in the
region encoding the third helix of the WH domain pre- are bone morphogenetic proteins (BMPs) and growth
and differentiation factors (GDFs), members of the TGFbdicted to generate a truncated protein lackingDNA bind-
ing activity (Figures 5B and 5C). superfamily. Moreover, recent studies have associated
WH proteins with the downstream signaling pathway of
Activin (in Xenopus) and DAF-7 (in C. elegans) (Chen etMf1 Is Required for the Differentiation
of Prechondrogenic Mesenchyme al., 1997; Ogg et al., 1997). These findings raise the
possibility that Mf12/2 prechondrogenic mesoderm cellsGruneberg proposed that the skeletal phenotype of ch/
ch mutants is due to a primary defect in the response have a reduced ability to respond to growth factors.
Mf1 and Congenital Hydrocephalus
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Figure 3. Analysis of Mice Homozygous for
Mf1lacZ
(A) Newborn mice. The Mf12/2 pup has en-
larged and hemorrhagic cerebral hemispheres
(hydrocephalus) and open eyelids.
(B and C) Embryos at 14.5 dpc showing the
enlarged cerebral hemispheres of the homo-
zygous mutant (arrow).
(D±H) Skeletal defects in newborn Mf12/2
mice. (D) Note the absence of calvarial bones
in the mutant (large arrow). All of the major
skeletalabnormalities describedby Grunberg
for ch mutants were present as well as minor
ones such as thinner digits (small arrow) and
smaller ossification centers (arrowhead). (E)
Lateral view of newborn skulls. The frontal
(f), parietal (p), and interparietal (i) bones are
absent in the homozygous mutant, and the
zygomatic process (z) is enlarged and fused
with the mandible (m). (F) Groups of three
cervical vertebrae were photographed from
the posterior. Neural arches (na) are not
closed dorsally in the Mf12/2 mutant, and the
centra are reduced in size compared with wild
type. (G and H) Ventral view of rib cages. The
sternebrae are completely absent in the mu-
tant, except for the manubrium (arrowhead),
andthe xiphoid process (x) is also malformed.
Abbreviations: f, frontal bone; i, interparietal
bone; m, mandible; mx, maxilla; na, neural
arches; nc, nasal cartilage; p, parietal bone;
z, zygomatic process.
To test this hypothesis, we established micromass found that BMP2 and TGFb1 enhance chondrogenesis
in this system, while bFgf, IgfII, and insulin have nocultures using one of the most affected chondrogenic
tissues in homozygous mutants, the sternal primordium. effect. Addition of 150 ng/ml BMP2 at the start of the
culture period significantly increases both the numberThe sternum differentiates from bilateral strips of con-
densing mesenchyme running along the distal tips of and size of the nodules. By contrast, mutant cells have
a significantly reduced response to BMP2 (and TGFb1)the ribs (Chen, 1952). As the embryo grows, the sternal
bands fuse ventrally into a single midline chondrifying in terms of both the number and size of the nodules
formed (Figure 6; data not shown).unit. Subsequently, the sternebrae and manubrium os-
sify. As described earlier, most of the sternum of Mf1
mutants fails to chondrify (Figure 3H). Moreover, histo- Abnormal Differentiation of Mutant
Meningeal Cellslogical analysis at 13.5 dpc shows that the mesenchyme
cells, which express Mf1 at high levels (Figure 2K), con- Green first described the abnormal development of the
meninges of ch/ch mutants (Green, 1970). In the head,dense much less than in the wild-type embryo (data
not shown). Finally, several Bmp genes, including Gdf5, the meninges consist of three layers: the inner pia mater;
the outer dura mater, in which the membraneous calvar-Bmp2 and Bmp5, areexpressed in the condensing mes-
enchyme of the primordial sternum (Lyons et al., 1995; ial bones develop; and the sponge-like middle arachnoid
layer, through which the CSF flows. The mature arach-Storm and Kingsley, 1996; data not shown).
Over 6 days in culture, wild-type cells condense and noid is made up of a loose network of cells supported
by trabeculae of collagen fibers. It is not just a passivedifferentiate into cartilage nodules that stain intensely
with Alcian blue and express high levels of the type II conduit for CSF; it actively synthesizes and secretes
several important proteins including prostaglandin Dcollagen gene (Figure 6; data not shown). Mutant cells,
on the other hand, show little aggregation and form few synthase (PGDS), which, as the component classically
called b-trace, makes up 3% of the total protein contentnodules even after 8 days. Using wild-type cells, we
Cell
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Figure 4. Eye Phenotype of Mf1lacZ Embryos
(A) Frontal section of a heterozgous Mf1lacZ
embryo at 12.5 dpc showing LacZ staining in
the periocular mesenchyme and in some cells
of the cornea as well as in endothelial cells
of the hyoid vessels and in surface ectoderm
(arrowheads).
(B and C) Cross section of wild-type and mu-
tant eyes at 16.5 dpc. Note the defect of eye-
lid formation and the disorganized cells of the
cornea in the mutant.
(D and E) Higher magnification of the regions
indicated in (B) and (C), respectively. The mu-
tant eye shows hypoplasia of both thestromal
mesenchyme of the iris (large arrows) and the
pigmented layer (small arrows). In addition,
the anterior chamber has not formed (ar-
rowhead).
Scale bars: (A), 100 mm ; (B) and (C), 200 mm;
(D) and (E), 25 mm. Abbreviations: c, cornea;
e, eyelid; h, hyoid; ir, iris; l, lens.
of this fluid (Hoffmann et al., 1996; Ohe et al., 1996). Mf1lacZ is highly expressed in the developing menin-
ges, both in the arachnoid cells and in the dense mesen-The morphology of the embryonic meninges has been
described in rodents (McLone and Bondareff, 1975; Oda chymal layer above them (Figure 7). In mutant embryos
the cells in the dense layer appear disorganized andand Nakanishi, 1984), but little is known about factors
regulating its differentiation. less well aligned than in wild type (Figure 7D). More
Figure 5. ch Is a Mutant Allele of Mf1
(A) Complementation test by crossbreeding
Mf1lacZ/1 and ch/1 mice. Mf1lacZ/ch double
heterozygotes have the same hydrocephalic
phenotype as Mf1lacZ/Mf1lacZ mutants (left) at
14.5 dpc (right) and at 15.5 dpc (data not
shown).
(B) A nonsense mutation (C to T transition)
generating a stop codon was detected in the
sequence encoding the third helix of the Mf1
DNA-binding domain in the ch mutant. Num-
bers indicate the nucleotides from the trans-
lational initiation site.
(C) Predicted structure of the truncated pro-
tein encoded by Mf1ch. A,G, P, andS indicate
alanine, glycine, proline, and serine-rich re-
gions, respectively. WH, Winged helix domain.
Mf1 and Congenital Hydrocephalus
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retina and in presumptive macrophages (Figure 7E). In
homozygous mutants at this stage, only very low levels
of pdgs expression are seen in the meninges, but the
level of expression is normal in the eye and presumptive
macrophages (Figure 7F). By 16.5 dpc, expression in
the meninges has increased in the wild type but is still
much lower in the mutants (data not shown). These re-
sults support the idea of an intrinsic defect in the differ-
entiation of the arachnoid in the Mf1 null mutant.
Mapping and Deletion Analysis of the
Human MF1 Gene
Our radiation hybrid panel mapping placed human MF1
on human chromosome 6p25 approximately 9 cR from
the marker IB3558 (LOD . 3.0) in a region syntenic with
mouse chromosome 13. Previously, human FREAC3
(FKHL7) was mapped to 6p25 (Larsson et al., 1995), and
BAC and YAC contig analysis places FREAC3 within
100 kb of the marker D6S344, a locusnear IB3558 (Mears
et al., submitted). The mapping data and the .91%
predicted amino acid identity between mouse Mf1 and
human FREAC3 protein strongly suggest that the genes
are homologous.
FREAC3 has previouslybeen proposed as a candidate
gene for the autosomal dominant disorder iridogonio-
dysgenesis anomaly (IRID1; OMIM 601631), which af-
fects the differentiation of mesenchymal cells contribut-
ing to the anterior segment of the eye (Mears et al.,
1996; Gould et al., 1997; Jordan et al., 1997). Moreover,
clinical findings in patients with either deletions of distal
6p or ring chromosome 6 often include brain, ocular,
skeletal, and renal anomalies. Since these clinical find-
ings correlate with the expression domains of Mf1 and
the phenotype of homozygous Mf1lacZ and Mf1ch mutant
mice, we determined if FREAC3 is deleted in a panel of
four patients with cytologically visible deletions involv-
ing chromosome 6p25 (Table 1). While many additionalFigure 6. Reduced Chondrogenesis in Cultures of Mutant Sternum
genes are expected to be deleted in these patients,Primordium
there is a correlation between the absence of a singleWild-type (A and B) and Mf1 mutant (C and D) cultures after 6
copy of FREAC3 and the hydrocephalus and anterior seg-days, hybridized with type II collagen antisense riboprobe to detect
chondrogenic nodules. No cartilage nodules form in the untreated ment anomalies in the eye. This suggests that on some
mutant cultures, although the cells show some condensation. In the genetic backgrounds, haploinsufficiency for FREAC3 af-
presence of BMP2(150 ng/ml), the number and size of chondrogenic fects human embryonic development.
nodules in the mutant cultures (D) are greatly reduced compared
with wild type (B). (E) Number of Alcian blue±stained chondrogenic
nodules in wild-type, heterozygous, and mutant cultures. The data Discussion
are from a total of 6 wild-type embryos, 12 heterozygotes, and 6
homozygous mutants. Data are the average 6 SD of three different
ch excited the interest of early mouse geneticists be-experiments.
cause it was one of the first examples of a pleiotropic
mutation affecting many different organ systems. While
Gruneberg initially argued that all of the developmental
abnormalities, including the hydrocephalus, could bestrikingly, the arachnoid layer is thinner, and the cells
within it are more closely packed. These morphological traced back to a delay in the differentiation of specific
cartilage rudiments (Gruneberg, 1943, 1953), subse-abnormalities might be secondary to a reduced flow of
CSF into the meninges from the hindbrain. Alternatively, quent analysis suggested that the mutation indepen-
dently affects other tissues, including the meninges, thethere may be an intrinsic defect in the arachnoid cells
themselves, affecting their ability to differentiate, syn- kidney and ureters, and ectodermally derived glands in
the head (Green, 1970; Gruneberg, 1971; Gruneberg andthesize CSF, and form intercellular channels. To address
this question, we studied the expression of prostaglan- Wickramaratne, 1974). Our finding that ch involves a
mutation in the winged helix gene Mf1, which is ex-din D synthase (pgds) as a marker of the differentiated
state of arachnoid cells in the meninges. In wild-type pressed in all the affected cell types, finally resolves
these issues and opens up new avenues of research.embryos, pgds RNA is first detected at 13.5 dpc in the
arachnoid layer as well as in the pigmented layer of the The major challenges are now to identify Mf1 target
Cell
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Figure 7. Defects in the Differentiation of the
Mutant Meninges
(A and B) Parasagittal sections of 13.5 dpc
dorsal hindbrain after LacZ staining. (A) In the
heterozygote, Mf1lacZ expression is localized
to the meninges, specifically to the arachnoid
cells (large arrows) and overlying mesen-
chyme (small arrows). (B) In the mutant, there
are fewer Mf1lacZ-expressing cells, and the
arachnoid layer is more condensed. Note ab-
sence of Mf1 expression in skin and underly-
ing mesenchyme (arrowheads).
(C and D) Parasagittal section of the 12.5 dpc
hindbrain at higher magnification. Note the
fine network of arachnoid cells in the wild-
type embryo (arrows). In the mutant, the
arachnoid cells and overlying mesenchyme
(small arrows) are more densely packed and
have shorter processes.
(E and F) Frontal sections of 14.5 dpc embryo
showing pgdsexpression by in situ hybridiza-
tion in the ventral forebrain region. (E) pgds
is normally transcribed in the arachnoid layer
around the forebrain (large arrows) as well
as in the pigmented layer of the eye (small
arrows) and in macrophages (arrowheads).
(F) In the mutant, pgds expression in the me-
ninges is greatly reduced. Note that tran-
scripts are not affected in the eye or macro-
phages.
Scale bars: (A) and (B), 100 mm ; (C) and (D),
70 mm; (E) and (F), 130 mm. Cp, choroid plexus.
genes, to uncover the signaling pathways in which the The latter is a precursor for prostaglandins that are li-
gands for the steroid receptor family transcription factorprotein functions, and to understand how the absence
peroxisome proliferator±activated receptor g (PPARg).of Mf1 activity leads to severe developmental defects.
Heterodimers of PPARg with RXR can promote the dif-
ferentiation of adipocytes from fibroblast-like precur-Mf1 and the Differentiation of the Meninges
sors (Forman et al., 1995; Kliewer et al., 1995), and anThe most striking feature of the Mf1 mutant phenotype
attractive hypothesis is that a similar mechanism regu-is the hemorraghic hydrocephalus. Enlargement of the
lates the differentiation of arachnoid cells from mesen-developing brain is evident from 11.5 dpc, when the
chymal precursors. However, we have been unable tomeninges and the choroid plexus start to differentiate,
detect significant levels of PPARg RNA in the arachnoidand is most likely caused by an inhibition of the flow
layer of wild-type embryos by in situ hybridization atof CSF from the brain into the arachnoid layer. This
14.5 dpc, although transcripts for PPARa and -b areexplanation is supported by the abnormal differentiation
widely distributed in head mesenchymal cells at thisof the arachnoid and by the absence of the most obvious
time (data not shown). An alternative role for PGDS isalternative explanation, namely, obstruction of the inter-
that it functions in the CSF to transport retinoids (Tanaka
ventricular aqueducts within the brain itself (Green,
et al., 1997).
1970; data not shown). However, we cannot rule out
other contributing factors. For example, leakiness of Mf1 Is Required for Cartilage Development
Mf1-expresing blood vessels in the brain may promote Our results provide geneticevidence that Mf1 is required
excess fluid accumulation. Another contributing factor for the differentiation of specific populations of prechon-
might be failure of the head mesenchyme todifferentiate drogenic mesodermal cells both in vivo and in micro-
into the membrane bone of the skull. However, dorsal mass culture in vitro even in the presence of added
head mesenchyme of 11.5 dpc mutant embryos does BMP2 or TGFb1. The absence of severe cartilage de-
give rise to cartilage and bone in micromass culture fects in some regions of the homozygous mutants (for
(data not shown). It therefore seems that the absence example, in the appendicular skeleton) may be a result
of intact skull bones is secondary to the hydrocephalus. of compensation by related WH genes (for example,
The hypothesis that there is an intrinsic defect in the Mfh1 and Mf2), which have overlapping expression pat-
differentiation of the meningeal layer of Mf1 mutants is terns (Winnier et al., 1997; Wu et al., 1998).
supported by the observation that the gene is normally The reduced ability of mutant cells to differentiate into
transcribed in the arachnoid layer and by the greatly cartilage raises the possibility that Mf1 regulates the
reduced expression of the differentiation marker pgds transcription of cartilage-specific genes, such as type
at 14.5 dpc (Figure 7). At present, the precise function(s) II collagen. However, if this is the case, what is the
of PGDS in the CSF is unknown. One possibility is that significance of Mf1 expression in multipotentmesenchy-
mal cells of theearly embryo that can give rise to multipleit acts locally to convert prostaglandin H2 (PH2) to PD2.
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lineages and are not yet committed to a chondrogenic five individuals with ring chromosome 6 (Chitayat et al.,
1987; Kelly et al., 1989; Zurcher et al., 1990; Alashari etfate (Noden, 1988; Huang et al., 1997)? One possibility is
that Mf1 has different functions at different times during al, 1995). One possibility is that the hydrocephalus is
due to haploinsufficiency of FREAC3 combined with thedevelopment. Alternatively, its role in early mesoderm
may be analogous to that proposed for another fork- deletion of additional genes in the 6p25 region. One
candidate modifier is the gene encoding BMP6, whichhead/winged helix gene, Hnf3b, in early endoderm lin-
eages (Ang et al., 1993; Weinstein et al., 1994). In fully maps in a region of conserved synteny between mouse
chromosome 13 and human 6p24/25 and is expresseddifferentiated, endoderm-derived liver cells, HNF3b pro-
tein binds to specific sites in the albumin gene and is in the embryonic meninges, choroid plexus, dorsal neu-
roepithelium, and developing cartilage. This hypothesisrequired for its high level transcription (McPherson et al.,
1993). However, Hnf3b is also expressed in multipotent can be tested by generating mice doubly heterozygous
for mutations in Mf1lacZ and Bmp6 (Solloway et al., 1998).definitive endodermal precursor cells not yet committed
to a hepatic fate and not expressing albumin. In these
precursors, HNF3b protein may be involved in reorganiz- Experimental Procedures
ing the chromatin structure of the liver-specific enhancer
region of the albumin gene, priming it to allow the future Mf1 cDNA
Mf1 cDNAs were isolated from an 8.5 dpc embryo cDNA lZAPIIrapid assembly of additional transcription factors driving
library (Dr. Kathy Mahon, Baylor College of Medicine) using a 39high-level, cell-type specific expression in more differ-
probe from the original Mf1 cDNA (Sasaki and Hogan, 1993). Theentiated derivatives (Gualdi et al., 1996; Cirillo et al.,
coding sequence was determined on both strands.1998). A similar hierarchical model for Mf1 function might
Mf1 Targeting Vectorexplain its expression in early multipotent mesodermal
Two overlapping Mf1 genomic clones were isolated from a 129/SvJ
lineages. An additional function for Mf1 in mesodermal mouse genomic library (Stratagene). The targeting vector consists
development may be to affect the competence of of a 7 kb 59 homology region (SalI±NcoI fragment) and 1.2 kb 39
multipotent progenitor cells to respond to external dif- homology region (HindIII±XbaI fragment). The coding region (amino
acids 90±553) was replaced with a lacZ/PGKneor cassette from theferentiation cues. Such a role has been proposed in
pHM4 vector (Dr. Klaus Kaestner, Univ. Penn.). For negative selec-Xenopus mesoderm development for somatic linker his-
tion, a MC1-DTA (diptheria toxin A) cassette was placed at the endtones (Steinbach et al., 1997), proteins with a similar
of the 39 homology region.
structure in the globular domain to the WH domain (Clark
et al. 1993).
Targeted ES Cells and Generation of Mouse Chimeras
SalI-linearized targeting vector (100 mg) was electroporated into TL1MF1/FREAC3 and Human Developmental Anomalies ES cells as described (Winnier et al., 1997). Cells were selected with
Autosomal dominant iridogoniodysgenesis type 1 (IRID1), G418 after 24 hr. Double-resistant colonies (625) were screened by
characterized by iris hypoplasia, anterior segment dys- PCR using an Mf1-A primer (CACGTAAGGCAGTTTTTTGACTGAAA)
and a neor primer (CGTGCTTTACGGTATCGCCGCTC). PCR-positivegenesis, and juvenile glaucoma, is thought to result from
clones were confirmed by Southern blot using 59 and 39 probes.aberrant migration and/or differentiation of the neural
Five targeted clones were injected into C57BL/6 blastocysts; threecrest mesenchyme involved in the formation of the ante-
produced germ-line chimeras. Chimeras were mated with Black
rior segment of the eye (Walter et al., 1996). Linkage Swiss females (Taconic), and all further analyses were performed
studies have mapped IRID1 to 6p25 and have identified on a mixed (129 3 Black Swiss) background. Three lines exhibited
FREAC3 as a candidate for the disorder (Mears et al., the same mutant phenotype. Offspring were genotyped either by
Southern blot using the 39 probe orPCR using three specific primers:1996; Gould et al., 1997; Jordan et al., 1997). Here, we
Mf1-59(GCCCTACAGCTACATCGCTCTTATC); Mf1-39 (CCCTGCTTAshow that homozygous Mf1lacZ embryos display eye ab-
TTGTCCCGATAGAA); and lacZ-39 (ACCGTGCATCTGCCAGTTTGAG).normalities likely to be caused by a primary defect in
the neural crest±derived periocular mesenchyme cells
LacZ Staining and Histologythat express Mf1. Studies to determine whether hetero-
LacZ staining was performed as described (Hogan et al., 1994). Forzygous Mf1lacZ mice present with eye findings are cur-
analysis of the meninges, tissues were fixed overnight with ice-rently underway. In addition, the pattern of Mf1 expres-
cold 3% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4),
sion around the embryonic eye is similar to that reported postfixed with OsO4, dehydrated, and embedded in Embed 812
for the mouse Rieg/Ptx2, a gene that encodes a bicoid- (Electron Microscopy Sciences, Fort Washington, PA). Sections 1±2
related homeodomain protein. Mutations in human RIEG mm thick were stained with toluidine blue.
on chromosome 4q25 are associated with autosomal
dominant Rieger Syndrome (OMIM 601542), a disorder Skeletal Preparation
involving eye defects such as iris hypoplasia, pupil This was performed essentially as described (Winnier et al., 1997).
anomalies, and glaucoma as well as other nonocular
abnormalities (Semina et al., 1996). Very recent results Analysis of Mf1 in the ch Mutant
have now revealed mutations in the FREAC3 gene in Heterogyzous ch mice were from the Jackson Laboratory. The cod-
some IRID1 patients. These mutations are predicted to ing sequence of Mf1 was amplified from genomic DNA by PCR using
four sets of primer pairs: Mf1(1)-59, TACTCGGTGTCCAGCCCCAaffect the DNA-binding domain (Mears et al., submitted).
ACT; Mf1(1)-39, TCGACAAGCTGCTGCTGCTG; Mf1(2)-59, TCAAGACWe have also observed that a copy of FREAC3 is
GGAGAACGGTACGTGTC; Mf1(2)-39, ATGACTCAGGGACGAAGAGdeleted in some individuals with cytogenetic deletions
CTGCT; Mf1(3)-59, TGTCTCTTTTTTTGCCCCGAC; Mf1(3)-39, TGC
of 6p25 and multiple developmental disorders, including GAGTACACGCTCATAGGG; Mf1(4)-59, CAGCAGCTCTTCGTCCCT
ocular anomalies and hydrocephalus. A review of the GAGT; Mf1(4)-39, CAGGAGAGATTCTGTTCGCTGG. Amplification prod-
literature indicates that hydrocephalus has been re- ucts were directly sequenced and/or subcloned into pGEM-T Easy
vector (Promega) and sequenced.ported in four individuals with deletions of 6p25 and in
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Table 1. Clinical and Molecular Findings in Patients with Deletions of Chromosome 6p25
Z. K. C. C. GMO6222 A. M.
Cytogenetic 46 XY 46 XY 46 XX 46 XX
6p24-ter 6p24-ter 6p24-ter 6p25-ter
Clinical abnormalitiesa
Hydrocephaly 1 1 1 2
Ocular 1 1 1
Anterior segment 1 1 1
Retina 1
Skeletal 1 1 1
Hands 1 1
Feet 1
Spine 1
Craniofacial 1 1 1 1
Flat nasal bridge 1
Cleft lip/palate -
Hypertelorism 1
Other 1 1
Renal 2 2
Molecular
Locusb
AFMA339YD9 Hom/Hem Hom/Hem Hom/Hem Hom/Hem
D6S1600 Hom/Hem Hom/Hem Hom/Hem Het
D6S942 Hom/Hem Hom/Hem Hom/Hem Het
D6S967 Hom/Hem Hom/Hem Hom/Hem Het
D6S344 Hom/Hem Hom/Hem Hom/Hem Hom
FREAC3 Hom/Hem Hom/Hem Hom/Hem Het
D6S1713 Hom/Hem Hom/Hem Hom/Hem Hom
D6S1617 Hom/Hem Hom/Hem Hom/Hem Het
D6S477 Hom/Hem Hom/Hem Hom/Hem Hom
D6S277 Hom/Hem Het Het Hom
D6S1006 Het Hom Hom Het
a Presence of clinical feature reported indicated as ª1º, absence indicated as ª2º.
b ªHom/Hemº: presence of only a single allele of a polymorphic locus in patient DNA consistent with hemizygosity or homozygosity of the
locus. ªHetº: two alleles of a polymorphic locus or two copies of FREAC3.
Mapping of Human MF1 Ray DuBois) amplified by RT±PCR from mouse newborn head RNA
using primers based on publishedcDNA sequence (GenBank acces-The human MF1 gene was amplified by PCR from whole blood
genomic DNA using MF1(1)-59 and -39 primers and sequenced as sion number X89222).
described. Human MF1-specific primers (59, TTGAACAACTCTCCA
GTGAACGG; 39, AGCAAGTCTCTGAAAAGCAAGAAG) were used in Patient Material
Refering physicians for three patients were contacted following aconjunction with the Genebridge 4 radiation hybrid panel (Research
Genetics, AL). literature search for cytogenetic deletion of chromosome 6p25: C. C.
(Dr Mark K. Addison), GM0622 (Coriell Institute for Medical Re-
search), and A. M. (Dr Cynthia M. Powell; Tepperberg et al., 1994).Micromass Cultures
Ventral thorax from individual 11.5 dpc embryos was separated into Z. K. was referred by the patient's mother. The clinical reports for
Table 1 were taken from the papers cited (A. M.) or through personalectoderm and mesoderm with 0.5 mg/ml Dispase in PBS for 10 min
at 378C followed by transfer to DMEM containing 2% fetal bovine communication with the physicians.
To determine FREAC3 copy number, approximately 4 mg of geno-serum (FBS) and 25 mM HEPES. The mesoderm was dissociated
into single cells with 0.1% collagenase and 0.2% trypsin in PBS for mic DNA from blood or cell lines was digested with EcoRI and
probed with a 504 bp 39 genomic fragment. Copy number was estab-20 min at 378C followed by pipetting. Cells were resuspended in
DMEM with 2% FBS at 2 3 107 cells/ml and plated in duplicate 15 lished by dosage densitometry using a control probe from chromo-
some 4. To determine copy number of all other polymorphic loci,ml drops in 6-well tissue culture dishes at 378C in a humidified air/
CO2 incubator. After 1 hr, the wells were filled with 2 ml of DMEM 35S-dATP-labeled PCR products were separated on a 6% polyacryl-
amide gel. Patients were established as either heterozygous (twocontaining 2% FBS. One of the duplicates was treated with 150 ng/
ml human recombinant BMP2 (gift of Genetics Institute, Cambridge, alleles) or homozygous/hemizygous (one allele). Heterozygosities of
all microsatellite polymorphic loci are .85%, except AFMA339YD9MA) or 30 ng/ml human recombinant TGFb1 (R & D Systems) at the
start of the culture. After 3 days with BMP2 or 4 days with TGFb1, and D6S942, which are both 50%. The observation of single alleles
present for these highly polymorphic loci is consistent with thethe cultures were fed daily with medium without added factor. After
6 days cells were stained with 1% Alcian blue in 3% acetic acid cytologically visable deletions at chromosome 6p25 in these pa-
tients.overnight and washed with 3% acetic acid. Some wild-type cells
were treated with bFGF (10 ng/ml), IGF-II (300 ng/ml), and insulin
(10 mg/ml). Micromass cultures were also processed for in situ Acknowledgments
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